In Europe household appliances are a major source of indoor 50 Hz magnetic field exposure. A number of epidemiological studies have reported associations between leukemia risk and personal use of household appliances. In the ''Norddeutsche Leuka¨mie und Lymphomstudie'' (NLL), which was conducted in Northern Germany (Schleswig-Holstein and Lower Saxony) between 1997 and 2001, lifetime use of a preselected array of electric appliances (microwave ovens, hair-dryers, motorized electrical alarm clocks (i.e. that use a motor to move their hands or digits), electric blankets and pillows, heated waterbeds, computers with conventional screens, TVs, and electric sewing machines) was recorded in a standardized, personal, computerized interview. Exposure was assessed on three different levels of precision: ever use, cumulative appliance-years, and average time of daily use. Additional questions referred to exposure modifying factors, including distance from screen while watching TV, position of an alarm clock at the bed etc.). Exposure to ELF-EMF from household appliances was quantified as ever vs. never use, gross and net appliance-years of lifetime use and cumulative mT-hours. Flux densities were based on measurements of appliances from the published literature. These were used as weighting factors to account for the different device-specific contributions to overall ELF-EMF exposure. Resulting distributions (as quartiles) for exposure scores revealed systematic differences for different levels of precision. Our analysis indicates that valid assessment of ELF-EMF exposure from household appliances should be based on the highest possible degree of precision and hence provides a considerable challenge in analytic epidemiology.
Introduction
During the last decades, possible negative effects on human health due to exposure to extremely low-frequency electromagnetic fields (ELF-EMF) have been a major concern in environmental epidemiology.
Much of the research was directed towards outdoor sources (e.g. power transmission lines, Wertheimer et al., 1979; Savitz et al., 1988; Preston-Martin et al., 1996; Michaelis et al., 1997b) . For the majority of people, however, indoor sources account for most of the exposure (Preece et al., 1996; Schu¨z et al., 2000) .
In this paper, we discuss the lifelong exposure to fields generated by household appliances assessed on different levels of precision in a large representative control sample. We focus on electrical devices that have been shown to provide relevant exposure (due to pattern of use or strength of generated fields). Electric fields (EF) were not evaluated since published results on the possible effects are anecdotal and mostly did not show positive associations (cf. Savitz et al., 1988; London et al., 1991; Coghill et al., 1996; Dockerty et al., 1998; Green et al., 1999; McBride et al., 1999) .
A recent evaluation (World Health Organisation, 2002) concluded that the epidemiologic evidence related to carcinogenicity of ELF-EMF above 0.4 mT was fairly consistent but still limited due to possible selection bias. At the same time, epidemiologic data on electric fields in humans were judged as inadequate and were, therefore, considered to be not classifiable as potential carcinogens.
(cf. Kaune et al., 1987; Wertheimer et al., 1995; Karus, 1996; Winterfeldt et al., 1996; Schu¨z et al., 2000) . With exception of the German railway system, which is operated at 16 2/3 Hz, all sources generate 50 Hz magnetic fields.
The finding that personal dosimetry yielded significantly larger exposures compared to time-weighted spot measurements in homes has been attributed to personal use of electrical appliances (Kaune, 1993; Kaune et al., 1994) .
In Germany, the prevalence of measured residential fields 40.2 mT is considerably smaller than in the US (between 1.5% and 2.9% of households; Michaelis et al., 1997a, b) . This is mostly due to higher voltage (230 V in Germany vs. 110 V in the US) in German power supply. In addition, most power lines in Germany seem to be operated well below the possible maximum load. Consequently, the proportion of the total exposure, which is due to overhead power lines in Germany, is much smaller than in the US (Schu¨z et al., 2000) .
Available data suggest that of the total exposure to EMF-ELF in Germany, 1/3 can be attributed to external sources, 1/3 is due to electrical appliances, and the final third is ascribed to flawed electrical installations in homes, but these estimates have yet to be substantiated (Dr. Hauke Bru¨ggemeyer, Niedersa¨chsisches Landesamt fu¨r Ö kologie (State Office of Lower Saxony for Ecology), March 5, 2001, personal communication) . Hence, all three principal sources of exposure to electromagnetic fields need to be represented in a valid exposure concept. In this paper, we focus on exposure to fields generated by household appliances. Unlike the remaining sources of exposure information lifelong appliance use can be solicited in standardized personal interviews.
Subjects and methods
All analyses presented are based on 3041 standardized, computer-assisted personal interviews conducted with an age-stratified random sample (N ¼ 3041) of the general population of six counties in Northern Germany (southern parts of Schleswig-Holstein and two country districts (Lueneburg, Harburg) in Lower Saxony; overall population 1.1 million). This sample serves as a control group for a major population-based case-control study on risk factors of leukemia and lymphoma, the Northern German Leukemia and Lymphoma Study (NLL). Cases eligible for inclusion in the NLL were all persons aged 75 years or younger with first diagnoses of leukemia, malignant lymphoma, or another hematological disease of clonal origin during a 13-year period between 1986 and 1998. Each case was individually matched to two controls with respect to sex and year of birth. Controls were randomly selected from population registries. They are representative for the whole population in the study region within each sex and age stratum. Information on exposure was primarily obtained in a standardized, computer-based interview which was performed by specially trained interviewers. The overall response of the controls was 57%.
Eight different electrical appliances, namely, microwave ovens, hair-dryers, motorized electrical alarm clocks (i.e. that use a motor to move their hands or digits), electric blankets and pillows, heated waterbeds, computers with conventional screens, TVs, and electric sewing machines were selected a priori as the most relevant sources of exposure. Appliances that did not show any risk for leukemia or other cancers in previous studies or that were considered irrelevant (due to pattern of use and/or strength of generated fields) were not included. This applies to many large, high-current stationary appliances, such as electric washing machines, which usually have motors at the bottom rear end, that is, remote from a typical user. Electric ranges have their maximum fields directly above the burners where a typical user is usually not exposed for long time (Gauger, 1985) .
Each appliance was specifically evaluated in the standardized interview (see Table 1 ). Starting with an ever-never question (''Have you ever used y in your lifetime?''), additional questions were asked if the preceding answer was positive. As a result, the use of each appliance was recorded on three different levels of precision: once-in-a-lifetime use (except for TVs, where only the first year of usage was asked, assuming a continuous use from that time onward), usage in gross appliance-years (last year of use minus first year of use +1) and net appliance-years (periods of use), and the average time per day the appliance was used over the years of positive use (categorized in minutes per day for microwave ovens and hair-dryers, in either minutes per week/month or year and days per week, month or year for sewing machines, in hours per day for TVs and computers, nights per week/day or month for waterbeds, and appliance-years only for electric alarm clocks, to which an average use of 8 hours per 24 hours was assumed). The number of months when an electric pillow/blanket or waterbed was operated was also solicited to assess seasonal use.
The use of TVs was ascertained in a different manner, recording exposure at three different ages (10, 30, and 50 years for participants above 15 years of age; 3, 5, and 10 years for participants 15 years of age or younger).
Additional questions were asked for some appliances concerning specific modes of use, behavior, minimal distances, or minimal time of use. Trivial exposures were excluded a priori. For example, microwave ovens operated at a distance of more than 1 m, or hair-dryers used less than 5 min per day were not recorded. For electric pillows and blankets, it was asked whether participants had used the device only for heating the bed before going to sleep (and consequently had no exposure). To account for the effect of distance to the TV screen, participants were asked in separate questions for their position with respect to the screen referring to watching programs and playing video games.
The position of electric alarm clocks was categorized according to distance (less than 1 m from bed) and position (head of the bed, foot of the bed, or different position). Since the position was almost exclusively on the head of the bed (see Results), we only used those in the exposure quantification.
Based on information solicited in the interview, we tried to quantify exposure as lifetime cumulative exposure of a summary measure (in mT-hours) for the use of all electric appliances. This approach requires appropriate weighing of the different appliances with respect to their contribution to lifetime exposure. Consequently, we Typical distances: Hair-dryers: 9.774.8 cm, 33 people in the study of Kaune et al. (2002) . TVs: Children kept a distance of 230795 cm to watch TV programs (Kaune et al., 2000) . Waterbeds: The heating element can usually be found 15-20 cm below the sleeping mattress. Unfortunately, the various measurements for different systems of waterbeds (cf. www.aqua.ch), performed by the Swedish testing group SEMKO, could not be used for the quantification since they all took place at a maximum distance of 10 cm from the heating element. According to the producers of waterbeds, systems sold in Germany are Kanthal, Swedish System, Canadian System, New Zealand System (until 1990) , and the TAS System (since 1995, 0.07 mT) (Thomas Schielke, Vontana Company, July 19, 2001, personal communication) . Reference for differentiation between ''old'' and ''new'' models in the quantification concept is the submission date of Delpizzo (1990 Kaune et al., 2002) and in 50 cm: 0.059 mT; s=0.045 (Preece et al. 1997; Kaune et al., 2002) . For TVs: intermediate categories between 50 cm and 1 m, 1 and 2 m, 2 and 3 m: 50 cm: 0.21 mT, s g =1.24 (Preece et al., 1997; Kaune et al., 2000) ; 1 m: 0.06 mT; s g =1.25 (Preece et al., 1997; Gauger, 1985 ; Bundesamt fu¨r Strahlenschutz (BfS) 1998; Kaune et al., 2000) ; 2 m: 0.011 mT, s g =1.46; 3 m: 0.011 mT, s g =1.46 (Kaune et al., 2000) .
identified published measurements of the magnetic flux density for each of the appliances. As magnetic field measurements are expected to be log-normally distributed, we tried to calculate the weighted geometric means wherever published results were provided in sufficient detail. Measures of variability are the geometric (s g ) or arithmetic standard deviation s, or the simple range r ( Table 2) . The magnetic flux density in a typical user distance was used as a weight for the cumulative time a participant had used the electrical appliance.
Quantification of Exposure with Typical Flux Densities
Measurements of hair-dryers were conducted in the power frequency range (Gauger, 1985) . Movements of hand-held dryers can cause high peaks in the even and odd harmonics (i.e. superimpositions of high-frequency fields that represent either even or odd multiples of the basic frequency) (Mader et al., 1992; Lovely et al., 1994; Kaune et al., 2002) . Considering the resultant root-mean-square field (rms, or total field), however, even a 25% harmonic content would increase the rms only negligibly (by ca. 3%, Swanson et al., 1999) .
Based on the information from the interview about use per day and per year, we calculated lifelong cumulated exposures for each appliance (unit: mT-hours). The algorithms were the following:
For all appliances except TVs: LCE ¼ MF Â average usage in hours/day Â 365 Â net appliance-years.
For TVs (depending from distance to the screen):
Results

Descriptive Statistics
Of the 3041 controls in our study, 1904 (62.6%) were of male and 1137 (37.4%) of female sex. Altogether, use of 8454 appliances was reported in the structured interview. Three participants did not complete the interview. For these, only the usage of a TV was imputed to be positive. All other information on use of a TV was missing in these participants.
Only one participant explicitly stated that he had never used a TV during his lifetime. Distance to the TV screen was in the majority of cases 42 m (91.45%) and for only four participants (0.13%) less than 1 m.
Five participants claimed usage of a microwave oven before it was officially marketed for private households in 1967 (cf. www.ideafinder.com/history/inventions/story068. htm). These were excluded from the analysis.
A total of 1554 people stated that they had used an electrical alarm clock at least once in their lifetime. Of these, 410 (26.38%) used ''relevant'' types of clocks (i.e. those that are driven by small electric motors). The majority of those (88.78%, 235 with hands, 129 digital electromechanical clocks) were positioned at the head of the bed, only two (0.49%) at the foot. The selection ''different position'' yielded a variety of answers (all in greater distances than 50 cm from the bed). Consequently, only the ''head'' position of the relevant alarm clock was included in our analysis (N ¼ 364).
In all, 228 persons (23.5% of all blanket/pillow users) had used an electric blanket exclusively for heating the bed before going to sleep and, therefore, had no exposure; 19 participants (1.96%) did not answer this question. Both subgroups were excluded as well. In summary, 7014 appliances were evaluated in our analysis (cf. Table 3 ).
Appliance-years
Appliance-years were calculated as period between first and last year a certain appliance was used (''gross exposure years'') minus a specified number of years it was not used (''net exposure years'').We could not calculate applianceyears for 101 devices (1.4%) since the participants did not provide sufficient information about the time of use of the appliance.
Missing values were distributed among the specific appliances as follows:
Seven users of microwave ovens (0.41% of all microwave ovens used), two hair-dryers (1.03%), five alarm clocks with hands (2.13%), 41 electric pillows/blankets (5.66%), two computers (0.25%), 40 TVs (1.32%), and four sewing machines (2.07%).
In total, 152,580 appliance-years were reported in our sample, of which TVs had the greatest share (107,704 years), followed by microwave ovens (16,134 years), and electric blankets (10,375 years). 
Average Time of Daily Use
On the next level of precision, people were asked to provide information about the daily time of use of appliances. Some participants were obviously not sure how to answer the questions in accordance with the interview protocol. In all, 21 users of hair-dryers (10.8%) estimated their average time of daily use as o5 min (categorized answers) although the minimum use in the interview design was given as 5 min. The same problem arose for 77 users (39.9%) of sewing machines. For sewing machines, participants were asked to give detailed information about the days of use per week, month, or year. Hence the required minimum average use of 1 h per week (or 8-9 min per day) was not considered by most of the participants. Nevertheless, we present the average use per day as stated by the participants for hair-dryers and sewing machines. Average daily use was not specifically asked for alarm clocks. In the quantification procedure, they were assigned 8 h per day which was meant to represent the average duration of sleep at night.
For TVs, up to three different answers (at three different ages) were solicited. Missing values were produced, if participants did not answer a question at all (see Table 4 ).
Lifelong Cumulated Exposure in mT-Hours
The lifelong cumulated exposure can be calculated from the questionnaire information on average time of daily use, the number of appliance-years, and the estimated average magnetic flux density of an appliance given in Table 2 . The calculation of mT-hours (totaling 13,841,777 mT-hours) was not possible for 178 out of 7012 appliances (2.54%, including participants who claimed to have used the appliance for ''0'' min per day), because the information provided in the interview was not sufficient.
Electric alarm clocks with hands and electromechanical digital alarm clocks showed the highest number of mT-hours of all appliances (7,688,126 and 2,854,417 mT-hours, respectively) followed by electric blankets (1,695,462 mT-hours) and TVs (498,152 mT-hours).
Agreement Analyses
We calculated the weighted Kappa statistic (using weights to quantify the relative difference between categories) for total period of usage (or gross appliance-years) vs. net applianceyears and for net appliance-years vs. cumulated exposure in mT-hours after categorizing each exposure measure in quartiles (cf. Tables 5 and 6). Kappa was high when gross and net appliance-years were compared, while analysis of cumulated exposure vs. net appliance-years showed comparatively small agreement.
In addition, differences in use patterns between sexes became evident (cf. e.g. hair-dryers and sewing machines). However, in some cases, subgroups were that small that wide confidential bounds were observed. Intervals including ''0'' indicate the possibility of a less than chance agreement.
Subgroup Results
Comparing quartiles for the exposure to electrical appliances in appliance-years and mT-hours differentiated according to sex and control status (Table 7) , it became evident that, in general, the use of appliances between male and female participants was different. In most cases (except for electric blankets), the directly interviewed controls reported higher exposure to appliances than the proxies.
The calculation of a summary measure in mT-hours attempts a quantification of combined cumulative exposure from all appliances. Every domestic device is represented according to its lifelong cumulated time of use times its magnetic flux density. Comparing quartiles, women and directly interviewed controls showed a slightly higher exposure than men and proxies of controls (Table 8 ). Figure 1 shows the sex-specific distribution of total mT-hours among directly interviewed controls. 
Discussion
For the first time in Germany in a population-representative sample, lifelong use of electrical appliances was recorded using a detailed structured interview with complementing questions. Detailed information on daily time of use (minutes/hours per day), net appliance-years (period of usage minus times when the device was not used), and modes of usage (e.g. position of an alarm clock, distance to screen while watching TV or playing video games, etc.) allowed a quantification of exposure on three different levels of precision. Our quantification concept was extended by measurements of magnetic flux densities taken from the literature, which enabled us to quantify exposure as a cumulative score in mT-hours (i.e. independent from the use of a single appliance). As the most detailed information on periods of usage was used for this quantification and certain modes of exposure required different weighting factors (e.g. different flux densities for TVs depending from the distance to the screen, or for ''old'' and ''new'' waterbeds), quantification in mT-hours appears to be the most appropriate concept.
The usage of electric pillows/blankets, for example, did not reveal differences between men and women when measured in appliance-years. However, in mT-hours, more women than men had a higher exposure score (75% percentile; women vs. men: 1246 vs. 821 mT-hours). This difference is due to the fact that women's daily exposure time was usually longer than men's. Similar results were observed for TVs. Numbers in parentheses indicate an N of three participants or less.
Quantification of lifetime accumulated ELF-EMF exposure
Alarm clocks showed the highest exposure of all appliances in the NLL, as they did in the study by Schu¨z (Schu¨z et al., 2000) , partly because they were quantified with a usage of 8 h per day.
Agreement analyses (weighted Kappa) demonstrated that for the majority of appliances, a substantial number of participants changed categories when net appliance-years and mT-hours were compared.
German data suggest that 1/3 of the total exposure to EMF-ELF can be attributed to personal appliance use. This appears plausible considering the fact that the proportion of total exposure due to overhead power lines is much smaller in Germany as compared to the US due to the higher voltage applied in Europe (230 V compared to 110 V). Furthermore, power lines are usually operated at loads well below the possible maximum. According to a German study, measurements of magnetic fields from outdoor sources in residences exceeded 0.2 mT in only 1.4% (Schu¨z et al., 2000) . Mean values in this study were approximately 0.04 mT. Considering an average exposure of 12 h per day, the 10-year cumulative exposure would, therefore, add up to 1752 mT-hours.
Workers, such as electricians, power plant operators, or line men, may experience occupational exposures above 0.3 mT (Kheifets et al., 1997) . Assuming a daily exposure of 8 h and a 5-day week, the cumulative exposure in 10 years would be roughly 6250 mT-hours. These exposures are still way below the exposure caused by, for example, use of an electrical alarm clock next to the bed. Based on our assumptions in Table 1 , the 10-year cumulative exposure would total 21,608 mT-hours.
Exposure ascertainment in the NLL was more detailed than in most of the studies published so far. Information in those studies was usually limited to ever vs. never use or total period of usage (Savitz et al., 1990; London et al., 1991; Greiser, 1996; Preston-Martin et al., 1996; Dockerty et al., 1998; Hatch et al., 1998; Stang et al., 2001) .
Neglecting exposure to appliances completely would thus lead to a possibly substantial underestimation of total magnetic field exposure. Since a strong correlation of appliance use intensity with other F usually environmental F sources of magnetic field exposure is unlikely, the consequence would be misclassification of the total exposure. Assuming the resulting misclassification to be nondifferential, the difference between cases and controls would be biased towards unity. If however, cases systematically had a greater intensity or duration of use than controls, the crude exposure measures could bias the OR estimates away from the null. Both scenarios would limit our ability to detect differences between cases and controls and derive valid risk estimates. This misclassification could have contributed to the inconsistencies between risk estimates observed in previous EMF-studies. A more detailed exposure assessment may challenge the memory of some participants. In this context, careful questionnaire design becomes a key issue.
The computerized interview in the NLL adopted a stepwise design in which any subsequent question was triggered conditional on the specific answer to the previous one. Despite the considerable degree of detail, only few participants had difficulties in answering questions correctly.
Statements of participants concerning average time of daily use sometimes yielded results that were below a predefined threshold of minimal use given in order to avoid recording of trivial exposures. For sewing machines, for example, a minimum of 1 h per week (i.e. 8-9 min per day) was required by the interview design. As participants were asked to complement the exposure information on daily use by a full text answer field, an average daily use well below 8 min was frequently recorded.
The average time of daily use in the NLL (means ¼ 26 min, s ¼ 44.5, Max ¼ 343 min) was comparable to the study of Kaune et al. (2002) , though (geometric means ¼ 17 min, s ¼ 43, Max ¼ 180 min). A similar problem arose for categorized answers in hair-dryers.
Possible Biases
The theoretical advantage of a very detailed lifelong exposure assessment may render a study more susceptible to recall bias. Collecting detailed information on daily appliance use may be more prone to recall bias than, for example, soliciting information on appliance-years only. In addition, these errors may be differential, thereby falsely exaggerating differences between cases and controls. This would likely be the case, if cases would report daily appliance use at the time of the interview without a reference to the timeline. In this case, use of heating blankets might be reduced due to presence of B-symptoms in lymphoma patients, or daily hours spent in front of the TV might be affected by changed viewing patterns after receiving a diagnosis. In a case-control context, therefore, a latency period of at least 2 years prior to the diagnosis should be assured. Furthermore, retrospective assessment should be connected to a timeline which can help a participant to organize his memory in a temporal order. Under these methodologic precautions, we have no evidence for a significant impact of recall bias.
For some appliances even more detailed questions would have been desirable: For the quantification of exposure due to waterbeds, it would have been important to know whether the bed was heated at night while participants were sleeping. More recent models of waterbeds have an integrated automatic clock in their heating element, which allows heating during daytime. Water is emitting heat so slowly that an almost constant temperature can be held up in the mattress for 48 h. Consequently, users of such a waterbed could avoid exposure to ELF-EMF completely.
Unfortunately, participants were also not asked to report the size of the TV screen, which influences magnetic flux density, as recently reported (Kaune et al., 2000) .
The paucity of published measurements of European electric appliances and the lack of standardized information on measuring conditions and number of measured devices in some studies required the inclusion of North American studies in our quantification concept for most appliances. The US power system operates at higher frequencies and lower voltage than in Germany (60 Hz, 110 V vs. 50 Hz, 230 V). Voltage is negatively associated with magnetic flux density. Consequently, on average smaller magnetic flux densities can be expected for comparable appliances in Germany.
The inclusion of US studies in the derivation of weighting factors for some appliances could result in an overrepresentation of these appliances in the lifetime cumulative summary measure of exposure (in mT-hours). In the context of a case-control study, however, the impact of the resulting misclassification of total exposure dose would likely be limited. Risk estimates for any single appliance would not change since overestimation would affect each subgroup of the study participants uniformly.
A similar problem could have arisen with the inclusion of digital electronic clocks in the quantification concept of electrical alarm clocks because most studies that published magnetic flux densities did not differentiate between motorized and electronic models (e.g. Preece et al., 1997) . The latter models, however, produce magnetic flux densities 4-5 times smaller than motorized clocks (Kaune et al., 2002) . Electronic models were not included in our analysis. Comparing proxies and directly interviewed controls, some differences became evident. In most cases, proxies estimated a lower exposure than cases did. Consequently, in the casecontrol context, only proxies of cases and proxies of controls and directly interviewed cases and controls should be compared in order to avoid information bias on risk estimates.
In summary, it became evident that exposure analysis for the use of electric appliance requires valid information on many variables. Hence, exposure assessment in large populations for epidemiological studies is quite challenging. Our results, however, indicate that exposure categorization in epidemiological studies could, and should, be based on the highest possible degree of precision.
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